Epigenetics have witnessed a renewed interest over the past decade and assays with recombinant histones has become an important tool for uncovering various aspects of histone biology. However, at times absence of recombinant histone accumulation in bacteria is encountered which is also commonly observed for many eukaryotic proteins in general. In this study, we have investigated the effect of multiple parameters on heterologous expression of proteins. We show that there is marked variability in the accumulation of H2A.2, H2B.1, H3.2 and H4 in the recombinant host, possibly owing to translational variability and degradation by the host proteases. We found that the variability could be overcome by incorporation of the commonly used purification tags, like GST or MBP, of appropriate size and position. Our results provide compelling evidence that transcript parameters like rare codon and GC content, mRNA secondary structure etc. together modulate translation kinetics and govern recombinant protein accumulation.
Introduction
Histones are highly basic proteins with the primary function of packaging the DNA of an organism in a very organised fashion inside the nucleus. Histones undergo various post-translational modifications (PTMs) and have sequence divergent forms known as histone variants. The functional importance of PTMs and variants has led to massive interest in uncovering the outcome of the biochemical changes in the composition of nucleosomes and how these changes are brought about. For conducting in vitro experiments recombinant expression has become a very powerful tool for obtaining abundant amounts of highly purified histones with specific PTMs or amino acid composition.
E. coli has been popularly used as heterologous host for robust recombinant production of histones like for most other proteins. However, at times, drastic differences in expression levels of histones is observed in bacteria with complete absence of recombinant histone expression in the worst scenarios [16, 28] . This has been attributed to the presence of rare codons in the coding sequence of histones. As per the codon usage bias hypothesis, rare codons may play a role in determining levels of protein expressed in a heterologous host [3] . Apart from the absolute number of such codons, parameters like rare codon clusters [12] , their number in the 5 0 -end of a transcript [7, 29] and first six codons [6] and the ones coding for arginine [4, 22] are considered important determinants. Likewise, high frequency of arginine residues is suspected to negatively affect expression of histone H1 and H5 [8] . Although, codon optimization proves to be useful in some cases, however, at times, the lack of expression persists [1, 28] suggesting that other factors might be involved [reviewed by Ref. [31] ].
We also encountered lack of accumulation of few of the histone isoforms on attempting heterologous expression in E. coli but did not find a stringent correlation with rare codon content. Interestingly, the transcripts for these histone proteins were being formed in the host. Our results provide compelling evidence that the codon bias usage, mRNA secondary structure and GC content of the histone transcript together modulate the post-transcriptional steps and govern recombinant protein accumulation. Notably, we found that the variability in accumulation could be overcome by incorporation of the purification tags, like GST or MBP, of appropriate size and position. Further, we extended these correlations to six non-histone proteins and show that this probably, can be used as a general strategy to obtain heterologous expression.
Materials and methods

Construct preparation
The coding sequences of the genes were amplified from the cDNA synthesized from RNA (treated with DNaseI) isolated from cell lines. The amplicons were cloned into pTZRT57 vector (Thermo scientific). The cloned fragments were sequenced. For subsequent cloning into different expression vectors, the coding sequences were amplified with primers incorporating the appropriate restriction sites and were subcloned, maintaining the correct reading frame. More details pertaining to cloning are available on request. Please see Supplementary Fig. S8 and S9 for a few of the construct maps.
Growth and IPTG induction of transformed bacterial expression hosts
A single colony was inoculated from the plates of transformed bacteria in 5 mL or 20 mL LB media and incubated at 37 C until the OD 600 reached between 0.3 and 0.6. Induction of recombinant protein expression were carried out with 0.2 mM IPTG. When lack of expression was encountered, titration of IPTG concentration was carried out ranging 0.2 mM-2 mM. The cultures were induced for 3 h at 37 C or overnight at 18 C. To investigate the effect of trimethylamine oxide (TMAO), it was added at a working concentration of 60 mM, 1.5 h post IPTG induction and the cells were harvested 1.5 h post-addition. The soluble and the insoluble fractions of proteins were separated by resuspending the cells in buffer containing 50 mM Tris-Cl pH 8.0, 0.5% Triton X-100 and 100 mg/ml lysozyme followed by three rounds of sonication, each for 30 s at 30% amplitude. The lysate was then centrifuged at 27000g for 30 min at 4 C. The supernatant and pellet, thus obtained contains the soluble proteins and the insoluble proteins respectively. The proteins were resolved by 18% SDS-PAGE followed by Coomassie staining (Brilliant Blue R250).
RT-PCR and real-time PCR
Total RNA was extracted and treated with DNaseI from previously collected bacterial cells as per the manufacturer's (Macherey-Nagel) instructions. RNA (2 mg) was subjected to reverse transcription using M-MLV Reverse Transcriptase and random hexamer primers according to the manufacturer's instructions. cDNAs were then amplified with the corresponding gene-specific primer sets, designed to amplify the total coding sequence. The PCR products were analyzed on a 1% agarose gels. The cDNA synthesized was further used for Real-time PCR experiments with Syber green dye. The expression levels were plotted as relative fold change with respect to GAPDH (glyceraldehyde 3-phoshphate dehydrogenase). Similar results were obtained when fold change was plotted with respect to Ampicillin expression which is expressed from the vector backbone (data not shown). 
Results
Lack of recombinant histone expression is a commonly encountered phenomenon
During purification of rat histone proteins using recombinant methods, we encountered lack of expression of few of the transcripts. There was lack of accumulation of proteins H2A.2 (lane 6), H2B. 
Recombinant expression does not stringently correlate with rare codon parameters
Analysis of the rare codon parameters of the histone transcripts was carried out to look for possible correlation between accumulation level of proteins and the proposed parameters. Several inconsistences with the codon bias hypothesis were noted. For example, the H3.3 transcript, in addition to 12 rare codons for arginine, contains the highest percentage (16.91%) and number of rare codons in a cluster (four) [ Table 1 ]. Robust accumulation of H3.3 in E. coli and lack of accumulation of H2A.2 with the least percentage (6.15%) and rare codons in a cluster (zero), is contradictory to codon bias hypothesis [ Table 1 ]. Further, no correlation between the presence of rare codons at the 5 0 -end of a transcript with expression levels was observed ["First 6 codons", Table 1 ]. These contradictions were also reflected in codon adaptation indexes (CAI), which is a proposed important parameter [25] [ Table 1 ]. For instance, H2A.2 having the highest CAI of 0.706 amongst the histone transcripts didn't express in either of the strains [Fig. 1a ,c].
mRNA secondary structure and GC content of transcripts does not always correlate with protein expression levels
As an alternative explanation for lack of recombinant protein accumulation the importance of factors like strong mRNA secondary structure and the 'GC' content of the transcript have been emphasized in relation to transcription and translation [8, 14, 15] . Therefore, we investigated the possible correlation of mRNA secondary structure and GC content of the histone transcript on protein expression. Vienna RNA web suite [10] was used to maintain consistency with the previously published literature [32] for predicting a possible long-range secondary structure spanning the ribosome-binding site (RBS), translation initiator AUG and the first seven codons. Again, a general pattern did not emerge from our analysis, considering the complexity of the overall secondary structure, the structure near the ATG translation initiation codon, free energy of the structure (see Supplementary Fig. S1 ) and the% GC of the full-length mRNA transcripts as well as the first six codons (see Supplementary   Fig. S1 ). Most strikingly, the mRNA secondary structure, the freeenergy values (À14.20 kcal/mol) and GC content were identical in the case of the three transcripts of H2B.1 (see Supplementary  Fig. S1 ). Thus, their differential expression pattern strongly suggests that the mRNA secondary structure and/or GC content may not be the primary cause behind the results obtained. Although, the secondary structures are predicted, nonetheless, the differential expression pattern observed for the same transcript in different strains cannot be explained based on mRNA secondary structure differences.
Incorporation of N-terminus tag affects recombinant protein accumulation
Tags are frequently used in purification of proteins. We wanted to test the effect of tags on recombinant protein expression. Interestingly, with 6xHis tag accumulation of H2A.2 protein (lane 6) was seen even without using a codon optimized strain [ Fig. 2a ]. This further highlights the lack of direct correlation between rare Arg  CGA  0  0  0  0  0  2  1  CGG  2  2  1  1  5  3  2  AGG  2  0  0  0  1  5  0  AGA  0  0  0  0  0  2  1  Gly  GGA  1  1  3  1  0  1  2  GGG  0  1  1  1  3  3  1  Iso  AUA  0  0  0  0  0  1  0  Leu  CUA  1  0  0  0  0  0  1  Pro  CCC  3  2  3  3  3  5  1  Thr  ACG  1  2  2  2  4  1  0  Consecutive  0  0  2  2  2 'cDNA' denotes cDNA synthesized by RT-PCR using random hexamer primers followed by PCR amplification with respective gene specific primers. For control (C) cDNA from bacteria having empty pET3a vector was amplified using corresponding gene specific primers and for the experimental sets (E) cDNA from bacteria harbouring pET3a histone constructs was amplified using respective histone primers. H2A.1 was used as a positive control. 'P' denotes experiment to validate DNA free preparation of RNA, in which C is control for amplification where respective plasmids were used as a template. E is the experimental set in which DNA removal by DNaseI from RNA preparation was validated. (ii) Real time PCR to denote the relative fold change upon induction for respective constructs.
codons and protein accumulation. Expression was also seen in case of pET28a H2B.1 68.1 (lane 10) and H4 (lane 16) but the results were "inconsistent". Importantly, this clearly suggested translational variability or the possibility of involvement of protein degradation or both behind the varied accumulation pattern observed for different proteins with changing parameters.
We wanted to investigate this aspect further. We included a codon optimized H4 transcript, in our studies (H4 * ) that expresses robustly in bacteria. Notably, expression was not obtained in pET28a vector [Fig. 2b] . A time-course experiment was carried out post-induction to monitor H4 accumulation with non-codon optimized H4 in pET28a [ Fig. 2c (i) ] and pET3a [ Fig. 2c (ii) ] vector backbone. A decrease in the intensity of band in the immunoblot analysis was observed. Similar decrease was observed in previous report [30] Fig. 2c (iii)-(v) ], again, with differing kinetics. Changing growth medium or incorporation of protein stabilising osmolytes like trimethylamine oxide (TMAO) and glycerol did not significantly improve recombinant protein accumulation (data not shown).
Incorporation of GST tag overcomes variability in recombinant protein accumulation
Strains like BL21 (DE3) pLysS and Rosetta (DE3) pLysS, that are deficient in OmpT spare GST fusion proteins from degradation [9] . Hence, GST was cloned upstream of the histones already cloned in pET3a (construct details available on request). This rules out contribution of difference in vector backbone and copy number towards expression level. After incorporation of GST, indeed, consistent levels of accumulation were seen for all the constructs, including H2B.1 68.1 and H4, as judged by the presence of an intense band around $35 kD in the induced samples in coomassie stained gels [ Fig. 3a] .
To test whether the location of the tag is also a determinant, the GST tag was cloned at the C-terminus of histones. Apart from H2A.2 (lane 5), all constructs expressed robustly, although, there was a considerable difference in expression levels of different proteins [ Fig. 3a lower image] . Importantly, this rules out the possibility that the expression achieved was due to altered stability of the 5 0 end mRNA or 5 0 end amino acid residues or enhanced translation initiation resulting from tag incorporation. Quantification depicted in Fig. 3c indicates that with N-ter GST tag most consistent level of recombinant protein accumulation is achieved.
Next, we asked whether the size of the tag influences accumulation levels. To address this, the N-terminal domain of GST comprising of 86 amino acid residues was cloned upstream of the histones in pET3a vector and their expression was attempted. The results were similar to that obtained with the 6xHis tag with stable expression of H2A.2 and H2B.1 and the H4 protein being expressed inconsistently [ Fig. 3b ]. This clearly suggested that the size of the tag with respect to that of protein of interest is an important determinant.
Incorporation of a suitable tag can possibly be used as a general procedure to obtain recombinant protein expression
We included a few non-histone proteins, HAX-1, DUSP1, DUSP1 Mutant, HLA, b2 M and NAP1 for which correlation between protein accumulation and the different proposed parameters was not observed (see Supplementary Fig. S2 ). The proteins HAX-1, DUSP1, DUSP1 Mutant and NAP1 were tagged with 6xHis, GST and MBP and their expression was checked in BL21 (DE3) pLysS. Quantitative depiction of the three independent experiments is depicted in Fig. 4 and representative gel pictures can be seen in Supplementary Fig. S3 . Indeed, the expression of HAX1 and DUSP1 with GST tag was achieved, however, the level was very low. For DUSP1 mutant no expression was observed in BL21 (DE3) pLysS.
Earlier, the result with N-terminal truncated GST tag upstream of histones suggested that the ratio of the size of the tag to that of the protein might be important. Thus, the expression of the nonhistone proteins was attempted with a bigger tag, MBP. Comparison of lane 7 and lane 9 of Supplementary Fig. S3 a(i) clearly suggests that yield was significantly enhanced when MBP tag was used instead of GST. Notably, from the quantification plots it is apparent that once a tag of appropriate size has been incorporated then the expression in Rosetta (DE3) pLysS is higher than BL21 (DE3) pLysS [ Fig. 4 ], probably, owing to the more robust translation resulting from increased tRNA supplies for the rare codons.
Solubility of proteins doesn't necessarily correlate with accumulation
Solubility of proteins is proposed to be inversely correlated with accumulation due to increased accessibility to host proteases [13, 20, 23, 27] . The solubility profile of histones expressed using pET28a vector in BL21 (DE3) pLysS strain at 37 C is depicted in Fig. 5a . All the histones were mostly insoluble. Further, we tested the solubility of H2A.1 with different tags. The experiments were carried out at 18 C, as lower temperature may lead to lower metabolic rate allowing better folding and solubility. The codon optimized Rosetta (DE3) pLysS strain was also used as codon optimisation have been shown to alter protein solubility [21] . We did find altered solubility for 6x His-tagged H2A.1 at 18 C in Rosetta (DE3) pLysS strain. Major alteration in solubility profile was observed with GST and MBP tag [ Fig. 5b] . Therefore, we checked the solubility of the non-histone proteins with GST and MBP tag at 37 C and 18 C in both the strains [ Fig. 5c ]. However, we didn't find any correlation between protein solubility and expression, as irrespective of solubility, we could achieve robust accumulation. 
Discussion
Heterologous expression is a very powerful tool for producing recombinant proteins. Many reports provide guidelines to optimise recombinant protein expression, however, not many studies address why many a times the proposed hypotheses fail to explain the lack of recombinant protein expression. Factors like rare codons need not be detrimental to protein accumulation and codon-optimisation, at times, may be unfavourable for protein expression. Possibly, rather than a barrier to the translation machinery, the various transcript parameters like rare codons or mRNA secondary structure (to which GC content also contributes), are modulators of translation kinetics. The overall translation speed can be modulated through tRNA recycling at the ribosome [5] and attenuation of trp operon presents a classic example of this [19] .
In such scenario, the question arises that why sometimes there is complete lack of expression? Our immunoblot data provides interesting insights that helps us to understand the underlying reason. The intensity of bands did not show a unidirectional pattern suggesting translational variability or degradation or both during the course of induction of recombinant protein expression. In fact, translational variability may itself lead to degradation as translation and protein folding are coupled in bacteria. Presence of rare codons can affect the rate of translation and would influence the folding, thus local protein structure [24] . The local protein structure probably in turn may define the response of targeting and degradation by the host protease. Therefore, altering the "translation kinetics code" inherent in the sequence of the transcript may lead to complete lack of accumulation or may result in improved accumulation. This also emphasizes that the position of a rare codon should be more important than its absolute number. Subsequently, coding sequences having more rarecodons, even though would have slower translation kinetics, may lead to better accumulation if present at positions which promote "better" folding. This hypothesis is consistent with the proposition that rare codons may provide the genetic instruction for the regulation of rate of protein synthesis to allow proper folding of the nascent polypeptide [17] .
The challenge remains to establish a predictable correlation between any of the proposed parameters and expression, which can help us to engineer means of circumventing expression variability. Unfortunately, it appears it is not going to be very straight forward. An earlier study showed that for the same transcript replacing the rare codons with the major ones or changing the GC content can independently bring about improved expression [26] . Clearly, not only are these parameters independently important, but correlations amongst secondary structure, the GC content and the codon usage of the transcript are significant [11] . As an alternative, we found that incorporation of a tag leads to much more consistent and predictable outcomes of protein expression and the size of the tag with respect to that of proteins is also important. The above hypothesis also gives us the reason as to why some proteins, which do not efficiently express without a tag, are sometimes robustly expressed as fusion with known tags like GST and MBP. Importantly, an N-terminus tag appears to be better suited. Probably, at the N-terminus of a fusion, the folding of GST/MBP precedes that of the downstream unit. However, when GST is present downstream of a protein, its folding might be influenced by its fusion partner leading to the attainment of a misfolded form.
Conclusions
To summarise, translational variability arising due to the combined effect of rare codon and GC content, mRNA secondary structure etc. leads to inefficient accumulation of heterologous proteins, possibly by inducing degradation of the protein. The expression variability may be averted by incorporating an Nterminal tag of suitable size. Finally, the steps depicted in Supplementary Fig. S4 should allow a researcher to troubleshoot expression problems in minimum time with maximum probability of success.
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